The effect of changes in brain blood flow on cerebrospinal fluid (CSF) volume flow rates, and that of changes in CSF volume flow rates on brain blood flow were determined in both normal and kaolin-induced hy drocephalic cats. In both groups of cats, blood flow in grey and white matter, cerebral cortex, and choroid plexus was measured with 105Ru microspheres during normo capnia, and again with 141Ce micro spheres after arterial Peoz was either increased by 300% or decreased by 50%. Blood flow measurements were also made during perfu sion of the ventricular system with mock CSF and re peated during perfusion with anisosmotic mannitol solu tions to alter CSF volume flow rate. In 30 normal and 26 hydrocephalic cats, blood flow to the cerebral cortex, white matter, and choroid plexus was similar; only blood flow to the caudate nucleus was greater in normal cats. The weight of the choroid plexus from hydrocephalic cats decreased by 17%. Blood flow in the choroid plexus of
Approximately 60-70% of the total cerebrospinal fluid (CSF) formation originates from the blood flowing through the choroid plexus (Katzman and Pappius, 1973) . CSF formation consists of at least two steps that involve the availability of fluid from blood and its secretion by the choroidal ependyma (Davson, 1967) . The volume flow rate can be in creased by various means, such as drugs (Feldman et aI., 1979) , cervical sympathectomy (Lindvall and Owman, 1981) , and induction of osmotic pressure gradients between blood, brain, and CSF (Welch, 1963; DiMattio et aI., 1975a; Wald et aI., 1976) . A decrease in CSF volume flow rate has also been measured in animals under the influence of drugs (Davson, 1967) ; hypotension (Carey and Vela, 1974) ; hypothermia (Kashiki and Sloviter, 1974) ; osmotic all cats decreased by almost 50% following hypercapnia or hypocapnia, without a change in the CSF volume flow rate. There was no change in cerebral or choroidal blood flow when CSF volume flow rate was either increased by 170% or decreased by 80%. These results suggest that choroid plexus blood flow does not limit or affect the volume flow rate of CSF from the choroid plexus. CSF volume flow rate can be altered without corresponding blood flow changes of the brain or choroid plexus. Cho roid plexus blood flow and the reactivity of both brain and choroidal blood flow to changes in arterial Peoz were not affected by the hydrocephalus. The lower CSF for mation rate of hydrocephalic cats can be attributed in part to the decrease in the mass of choroid plexus tissue. Key Words: Brain blood flow-Cerebrospinal fluid forma tion-Choroid plexus blood flow-Hydrocephalus-Hy percapnia-Hypocapnia. pressure gradients between blood, brain, and CSF (DiMattio et aI., 1975a; Wald et aI., 1976) ; and hy drocephalus (Marlin et aI., 1978) . It is not certain whether an alteration in the CSF volume flow rate is the direct result of these influences on choroidal secretory epithelium or on changes in choroid plexus blood flow (Lindvall and Owman, 1981) . It has been proposed that CSF formation rate may be limited by blood flow to the choroid plexus (cited in Ames et aI., 1965) . Under normal conditions, 25% of the choroidal blood flow becomes CSF (cited in Cserr, 1971) . To avoid a further increase in hematocrit, an increase in CSF volume flow rate should be accom panied by a corresponding increase in blood flowing through the choroid plexus.
In experimentally induced hydrocephalus in cats, the decrease in CSF volume flow rate has been at tributed to the morphological changes of the cho roid plexus (Hochwald et aI., 1969) . The possibility that a change in blood flow is responsible for this decrease has not been tested, as choroidal blood flow has not been measured in these animals.
Although the morphological structure of the ce rebral and choroidal vasculature has been studied, there is little information available to indicate whether cerebral and choroidal blood vessels re spond similarly to comparable stimuli and drugs. An increase in the partial pressure of CO2 in blood is the most effective stimulus of cerebral blood flow (Cserr, 1971) , but its effect on choroidal blood flow has not been evaluated. An unresponsiveness of the choroid plexus to changes in arterial Peo2 may ex plain the observations of Oppelt et al. (1963) with dogs and of Hochwald et al. (1973) with cats that the rate of formation of CSF did not change during hypercapnia.
In the present experiments, the effects of changes of brain blood flow on CSF volume flow rates and of CSF volume flow rates on brain blood flow in normal and experimental hydrocephalic cats were compared. Brain blood flow was altered by either increasing or decreasing arterial Peo2' Kaolin-in duced hydrocephalic cats were included in these studies because of the decrease in CSF formation and vascular and morphological changes of the brain and choroid plexus (Eisenberg et aI., 1974; Marlin et aI., 1978) . Kaolin causes an inflammatory re sponse involving the choroid plexus and blood ves sels supplying the parenchyma. In previous studies (DiMattio et aI., 1975b) with acute and chronic hy drocephalic cats, changes in cerebral blood flow were noted, but neither choroid plexus blood flow nor cerebral vascular reactivity to CO2 was evalu ated. CSF volume flow rates were altered by per fusing the cerebral ventricles of normal and hydro cephalic cats with anisosmotic mannitol solutions.
METHODS
Adult mongrel cats weighing 2.5-4.0 kg were anesthe tized with 250 mg/kg urethane and 25 mg/kg chloralose, and paralyzed with gallium triethiodide (7 mg/kg); sup plemental doses were given as needed. Anesthesia was kept at a level at which the corneal reflex was absent; paralysis was maintained at a level sufficient to permit unhampered artificial ventilation. The cats were venti lated at a rate of 6-8 times per min, with a tidal volume of 75-100 ml, to maintain arterial blood CO2 at a normal tension of 25-30 mm Hg (Wald et aI., 1976) . Body tem perature was monitored with a rectal probe, and main tained at 37-38°C by means of an automatically controlled heating pad. The cats were placed in a stereotaxic frame and held in the sphinx position. Ventricular perfusion of normal cats was carried out from lateral ventricle to cis terna magna, at a rate of 77 fJ.J/min (Hochwald and Wal lenstein, 1967) . Cisternal outflow pressure was kept at 0 cm HzO with respect to the interaural line to minimize bulk absorption of ventricular fluid (Hochwald and Wal- 1983 lenstein, 1967) through the arachnoid villi. Hydrocephalic cats were perfused from one lateral ventricle to the other at the same rate and pressure (Marlin et aI., 1978) . All cats, both normal and hydrocephalic, were perfused at -10 cm H20 pressure with respect to the interaural line to minimize bulk CSF absorption (Hochwald and Wallen stein, 1967; Marlin et aI., 1978) . Experimental hydro cephalus was induced in cats with the intracisternal in jection of 250 mg kaolin with the technique described previously (Marlin et aI., 1978) . These cats were used 3-4 weeks later when the intraventricular pressure returned to normal.
Initial perfusions were carried out with mock CSF (Wald et aI., 1976) that had an osmolality of 300 mOsmol and which was isotonic to normal cat serum. The mock CSF also contained !Z51-labeled cat serum albumin as a non diffusible indicator substance. The effluent fluid was col lected over 15-min intervals. After �90 min, a steady state was attained, as evidenced by effluent volumes and indicator concentrations of successive samples not dif fering by more than ± 2%. The perfusion fluid was then switched to either a 60 or 720 mOsmol mannitol solution containing trace amounts of [, 2 5Ilalbumin. Perfusion was continued until a new steady state was reached, and mea surements were made of volume and indicator concen tration of the effluent. Bulk flow of nascent fluid into the cerebral ventricles was calculated on the basis of dilution of the indicator substance and perfusion rate. The equa tion, after that of Heisey et al. (1962) , is given below:
where V is the flow rate and C is the indicator substance concentration. The subscripts p, e, and f refer, respec tively, to perfusion fluid (inflow), effluent (outflow or ven tricular fluid), and CSF formation or volume flow rate (mllmin). Variability of CSF formation (Davson, 1967) re quired that each cat serve as its own control.
Hypercapnia was induced by respiration of 10% CO2 in room air. The partial pressure of COz in blood was maintained at 70 -90 mm Hg and was kept constant for individual animals. Hypocapnia was induced by in creasing the respiratory rate until the arterial Peoz ten sion was reduced to 12-18 mm Hg and maintained to within ±3%.
Cerebral and choroid plexus blood flow of normal and hydrocephalic cats were measured with radiolabeled mi crospheres. Blood-flow measurements were made in sep arate cats because of the possible interference of 1 2 51 in the perfusion fluid with the determination of !4!Ce in the small amount of choroid plexus tissue available. A car diac catheter (PE 50), which was filled with saline and attached to a pressure transducer, was inserted into the femoral artery. The catheter was then advanced toward the heart. The correct placement of the catheter in the left ventricle was noted with the sudden appearance on a physiological recorder of the characteristic blood pres sure wave changes. All catheter placements were verified at necropsy. To determine the cardiac output, an addi tional catheter was placed in the other femoral artery and used to withdraw blood samples during the microsphere injection (Malik et aI., 1976) . Variability of blood flow measurement required that each cat serve as its own con trol. 105Ru_ and !4ICe-labeled micro spheres (15 ± 3 and 35 ± 5 f-lm; New England Nuclear Corp., Boston, MA, U.S.A.) were used. The larger microspheres were also used, because of the occasional arteriovenous anasto mosis observed in the choroid plexus by Millen and Woollam (1953) , and the possibility of extreme distension of the choroidal vessels caused by the altered blood gases. The microspheres were washed twice with physiological saline containing 0.05% Tween to minimize aggregation. After the last wash, they were suspended in 1 ml of the animal's own blood. During normocapnia or during per fusion with mock CSF, 105Ru-labeled micro spheres were injected through the cardiac catheter over a 30-s period. During the injection and for 30 s thereafter, blood refer ence samples were withdrawn from the femoral artery at a rate of 5-5.5 mllmin with an infusion-withdrawal pump (ModeI 105-S; Gilford Instruments, Oberlin, OH, U.S.A.) (Heymann et aI., 1977) . Under experimental conditions, during hyper-or hypocapnia and during perfusion with anisosmotic mannitol fluids, this procedure was repeated with 141Ce-Iabeled microspheres. After the last blood-flow determination, the animals were killed with KCl, and the lateral, third, and fourth ventricle choroid plexuses were carefully removed, rinsed in saline, blotted, and weighed. In addition, samples of cerebral white matter, caudate nucleus, and frontoparietal cerebral cortex were dis sected free and weighed separately. Blood flow in the kidneys of each cat was compared to ensure uniform dis tribution of the injected spheres (Heymann et aI., 1977) .
All samples were counted for radioactivity (Auto Gamma Scintillation Spectrometer Model 5912; Packard Instrument Co., Downers Grove, IL, U.S.A.). All tissue samples contained at least 400 micro spheres (Buckberg et aI., 1971) . The cardiac output and tissue blood flow of normal and hydrocephalic cats were calculated (Hey mann et aI., 1977) for each isotope. When necessary, mean values and standard errors of the mean were also calcu lated, and the paired t test was used to determine whether data derived under experimental conditions were statis tically different from controls.
RESULTS
The cardiac output and tissue blood flow in 30 normal and 26 hydrocephalic cats are shown in Ta ble 1. These values were derived from the control cats described in Ta bles 2-5. The measurements were made in cats whose mean arterial PC02 was 29 mm Hg during artificial respiration with room air. The mean cardiac outputs of both groups of cats did not diff er from each other. Caudate nucleus was the only region examined for which blood flow was signifi-cantly less in hydrocephalic than in normal cats. The weights of choroid plexus removed from both groups of cats, however, were significantly different. The mean weights of tissue from 30 normal and 26 hydrocephalic cats were 0.047 ± 0.004 and 0.038 ± 0.002 g, respectively; the difference was statis tically significant (p < 0.005). Choroid plexus blood flow was -18% lower in hydrocephalic than in normal cats, but the difference was not statistically significant. The uniform values of the renal (cortex and medulla) blood flow of both groups of cats were evidence of the good mixing of the injected micro spheres.
The effects of altering arterial PC02 on both ce rebral and choroid plexus blood flow can be seen in Ta ble 2. After the cats were initially respirated for 1 h on room air and injected with 105Ru micro spheres, the room air was replaced by 10% CO2 in room air. One hour later, when the mean arterial PC02 increased to -82 mm Hg, 14lCe-Iabeled mi crospheres were injected. In normal cats, white matter, caudate nucleus, and cortical blood flow in creased significantly (two-to three-fold; p < 0.02). In the same animals, there was a 43% decrease (p < 0.01) in choroid plexus blood flow. Compared to normals, the increases in blood flow to cerebral structures of hydrocephalic cats were smaller, but not statistically significant (p > 0.05). During hy percapnia, choroidal blood flow of hydrocephalic cats was 48% less than during normocapnia (p < 0.01). (It should be noted that although the arterial PC02 increased by almost 300%, there was a de crease in choroidal blood flow that was of similar magnitude in normal and hydrocephalic cats.) It can be seen in Ta ble 3 that when the arterial PC02 was reduced to 15 mm Hg, there was a decrease in blood flow to the choroid plexus, white matter, caudate nucleus, and cerebral cortex. The decrease in blood flow in normal cats was -50% and significant (p < 0.02) when compared to normocapnic cats. In hy drocephalic cats, hypocapnia resulted in a similar decrease in blood flow that was not significant in the white matter (p > 0.05). Choroidal blood flow in both groups of hypocapnic cats decreased by 57% and was similar to that noted in hypercapnic normal and hydrocephalic cats.
In 11 normal cats, choroid plexus blood flow measurements were carried out during hypercapnia and hypocapnia with the same radioisotopes bound to 35 ± 5-l-Lm microspheres. Choroid plexus blood flow determined with these microspheres in six hy percapnic and five hypocapnic cats decreased by 55 ± 12.2% and 38 ± 9.4%, respectively. These values were not significantly different from those deter mined with the use of the smaller microspheres.
CSF production was measured in separate cats under similar conditions. The mean CSF formation rate in 19 normocapnic cats was 24.3 ± 2.7 I-Ll/min. When the breathing gas of nine cats was switched to 10% CO2 in room air (PaC02 of 79.2 ± 3. 1 mm Hg), the CSF formation rate was 26.8 ± 3.4l-Ll/min. When the other 10 cats were hyperventilated (P aC02 of 14.8 ± 0.6 mm Hg), the CSF formation rate was 23.4 ± 2.4 1-L1Imin. The CSF formation rates were not affected by altering arterial PC02 (p > 0.05). The mean CSF production rate in hydrocephalic cats was also unchanged. The mean CSF formation in 11 hydrocephalic cats was 13.8 ± 1. 1 I-Ll/min. During induced hypercapnia and hypocapnia, the CSF for mation rates were 15.3 ± 2.0 and 14.6 ± 1.6l-Ll/min. The effects of perfusing the cerebral ventricles with anisosmotic mannitol can be seen in Ta bles 4 and 5. When the perfusion fluid was 720 mOsmol, the CSF volume flow rate of normal cats (Table 4) in creased by 174%. There was a suggestive increase in blood flow to all of the tissues studied, except for the cerebral cortex. These increases, however, were not statistically significant. In hydrocephalic cats (Table 4) , when the CSF volume flow rate in creased by 167%, there was only a suggestive in crease in choroidal and cerebral blood flow. During perfusion with 60 mOsmol mannitol (Table 5) , there was an 80% reduction in the CSF volume flow rate in normal cats. This decrease was accompanied by small decreases in choroidal and regional cerebral blood flow. The decreases in blood flow were not significantly different from those obtained during perfusion with mock CSF.
DISCUSSION
Microspheres are good indicators of the distri bution of cardiac output, providing certain consid erations are taken into account (Buckberg et al., 1971; Malik et aI., 1976; Heymann et aI., 1977) . These include size and number of microspheres, good mixing after injection into the left ventricle of the heart, and a high extraction ratio for all organs. All fractional blood flow changes in corresponding organs of normal and hydrocephalic cats during hypocapnia are different from same cats during normocapnia. Corresponding blood flow changes of normal and hydrocephalic cats are not significantly different from each other (p > 0. 05). All values are means ± SE. Because micro spheres remain intact for longer pe riods of time, and the degree of embolization is of no significance to the animal, more than one blood flow can be made using microspheres labeled with different nuclides (Heymann et aI., 1977) .
In the present study, the cardiac outputs mea sured in normal and hydrocephalic cats do not sig nificantly differ from each other. Cerebral and cho roidal blood flow values in hydrocephalic cats tend to be lower than those measured in corresponding regions of normal cats. However, blood flow in the caudate nucleus of hydrocephalic cats is signifi cantly lower. The reason for this decrease is not evident from these studies. The cerebral blood flows of normal and hydrocephalic cats are similar to those determined in an earlier study using [131I]antipyrine (DiMattio et aI., 1975b) . In those experiments, how ever, neither choroidal blood flow nor the effects of changes in arterial PC02 was evaluated. Regional cerebral and choroid plexus blood flow rates in normal cats were also measured by Shulman et ai. (1975) using microspheres. Their regional and cho roid plexus blood flow values are, in general, sim ilar to ours, but for some brain regions their lower values can be attributed to the use of barbital an esthesia. The mean choroid plexus blood flow de termined in our studies closely resembles those measured in rabbits by Welch (1963) with a different technique.
The CSF formation rates of normal and hydro-cephalic cats are similar to those measured previ ously (Hochwald and Wallenstein, 1967; Marlin et aI., 1978) . In previous studies, some of the histo logical changes in the choroid plexus of hydroce phalic cats were described. These included a de crease in the size of villi and a loss and flattening of ependymal lining cells (Hochwald et aI., 1969) . The present finding that, in comparison to normal cats, the weight of the choroid plexus of hydroce phalic cats decreased by 17% and the choroidal blood flow did not decrease, is consistent with those observations. These results suggest that the de crease in CSF formation rate in hydrocephalic cats can be attributed in part to the reduction in the mass of choroid plexus tissue. A reduction in the epithe lial secretory activity is probably responsible for the remainder. It has previously been shown that the difference between the normal CSF formation and the CSF volume flow rates measured during perfusion with anisosmotic fluids is linearly related to corre sponding differences in osmolality of the effluent fluid from the ventricles (Wald et aI., 1976) . Similar results were obtained during ventricular perfusion of hydrocephalic cats (Marlin et aI., 1978) . The in creased volume flow rate was thought to come from the choroid plexus. Anisosmotic solutions were used in the present studies to determine whether changes in choroidal or cerebral blood flow would reveal the site of origin of the increase and decrease in CSF volume flow. In both normal and hydrocephalic cats, the changes in blood flow resulting from ventricular perfusion with anisosmotic perfusion fluids are not significant. The results are variable, without trend, and may be influenced by the lack of potassium and bicarbonate ions in the perfusion fluid (Pannier et aI., 1972; Cameron and Caronna, 1976) . Following respiration with 10% CO2, there is an increase in blood flow to the parts of the brain ex amined in both normal and hydrocephalic cats. The increases in blood flow to white matter, caudate nucleus, and cerebral cortex of normal cats were 106%, 165%, and 204%, respectively. The increases in cerebral blood flow of normal cats during hyper capnia are similar to those deiermined by Reivich (1964) in monkeys, and by Jackson et ai. (1974) in dogs. Increases of 81%, 81%, and 125% were mea sured in the same tissue of hydrocephalic cats. The differences in blood flow increases between normal and hydrocephalic cats suggest that the inflamma tory response and hydrocephalic process (Hoch wald et aI., 1969), resulting in cerebral or cerebro vascular pathology, diminish the capacity of the vasculature of the latter animals to respond to ele vations of arterial PC02' A loss of or diminished CO2 reactivity can be seen in experimental animals with arterial hypotension (Harper, 1965) , or in humans with cerebrovascular disease and ischemia (Pis tolese et aI., 1971) .
A more uniform change in cerebral blood flow is seen in both groups of cats when the arterial PC02 is reduced by 50% during hyperventilation. The de crease in cerebral blood flow in hydrocephalic cats is 42% and is slightly less than that measured in normal cats, in which it is reduced by 50%. The reduction in cerebral blood flow noted in normal cats during hypocapnia is also similar to that mea sured by Reivich (1964) .
Choroid plexus blood flow of normal and hydro cephalic cats reacts similarly to alterations in arte rial PC02. Thus, during hypercapnia or hypocapnia, choroidal blood flow decreases by 43%. The reason for the decrease during hypercapnia when blood flow to most parts of the brain increases is not clear. The possibility that choroidal blood vessels dilate to such an extent during hyper-or hypocapnia that the 15f.lm micro spheres pass through them was largely elim inated with the use of 35-f.lm microspheres.
An increase in arterial PC02 produces a marked vasodilatation of the cerebral vasculature, and a re duction in arterial PC02 causes an extensive vaso constriction. In the present study, a decrease in choroidal blood flow was measured when the arte rial PC02 was increased or decreased. Neither hypo nor hypercapnia, however, was accompanied by an J Cereb Blood Flow Metabol, Vol. 3, No.3, 1983 alteration in CSF formation (Oppelt et aI., 1963; Hochwald et aI., 1973) . AIm and Bill (1973) noted a similar decrease in choroidal blood flow during hypercapnia. No explanation for this observation was provided. To our knowledge, no information is available on the effect of hypocapnia on choroidal blood flow.
A 50% decrease in choroidal blood flow does not, however, affect CSF formation rate. Since choroi dal blood flow does not increase during hyper capnia, the fact that the CSF formation rate does not increase is not unexpected. An increase or de crease in the CSF volume flow rate also does not cause corresponding changes in choroidal blood flow. The results suggest that under these condi tions, choroidal plexus blood flow does not limit or influence CSF volume flow rate. It also implies that when the CSF volume flow rate increases, a higher proportion of plasma water flowing through the choroid plexus becomes CSF.
